Coronaviruses (CoVs) are large enveloped, positive-stranded RNA viruses classified under the subfamily *Coronavirinae* within the family *Coronaviridae*, order Nidovirales. They are subdivided into four genera, *Alphacoronavirus, Betacoronavirus, Gammacoronavirus* and *Deltacoronavirus*. CoVs infect birds and mammals, including humans, and are known for their ability to jump the species barrier, which may be facilitated by their high mutation and recombination rates. This is exemplified by the betacoronavirus severe acute respiratory syndrome CoV (SARS-CoV), which emerged in 2002 from bats in the Guangdong province of China and subsequently spread to 29 countries, resulting in more than 8000 cases with at least 700 fatalities ([@R6]; [@R11]; [@R17]). Approximately 10 years later, a second highly pathogenic human betacoronavirus, Middle East respiratory syndrome CoV (MERS-CoV), was discovered in the Middle East as a zoonotic pathogen from dromedary camels, and is continuing to cause human infections ([@R28]; [@R10]; [@R20]; [@R19]).

Alphacoronaviruses include viruses that cause common cold in humans (HCoV-229E and HCoV-NL63) and some important causes of enteric disease in domestic animals, including transmissible gastroenteritis virus of swine (TGEV), porcine epidemic diarrhoea virus (PEDV), canine CoV and feline coronavirus (FCoV). Recently, a novel ferret enteric CoV (FRECV) was identified in domesticated ferrets (*Mustela putorius*) in which epizootic catarrhal enteritis had been diagnosed; the illness was characterized by foul-smelling green diarrhoea with high mucous content, lethargy, anorexia and vomiting, but not by high mortality rates ([@R26]). A closely related, but fatal ferret CoV, ferret systemic coronavirus (FRSCV) was detected in ferrets with systemic pyogranulomatous inflammation ([@R8]; [@R27]; [@R15]). This disease strongly resembled the clinical and pathologic features of the dry form of feline infectious peritonitis, which is associated with a FCoV, feline infectious peritonitis virus (FIPV). By comparisons of genomic sequences of different FCoVs it was found that the severe pathotype of FIPV may arise through mutations in the spike and in the 3c genes of the less pathogenic feline enteric CoV ([@R16]; [@R4]; [@R5]; [@R12]; [@R21]). Similarly, [@R27] have shown that FRECV and FRSCV differ significantly in spike protein and that deletions in FRCoV 3c may also correlate with the severe pathotype of FRSCV. Despite the fact that genetic comparisons of FRCoVs may provide significant insights into how these and other CoVs are able to alter their tropism and pathogenicity, no full genome sequences of FRCoVs are available to date.

In 2010, we investigated the prevalence of FRCoVs in asymptomatic ferrets from ferret farms in The Netherlands, and found that \~60 % of the samples were PCR positive for a FRCoV ([@R18]). Interestingly, sequence analysis of the partial spike gene clearly showed that this enteric virus was more closely related to the FRSCV strain MSU-1 than to FRECV strain MSU-2 (hereafter referred to as FRSCV and FRECV, respectively). In this study, we selected one rectal swab sample with high viral load (cycle threshold 16.3) from the 2010 ferret sample collection for further genomic analysis. RNA was isolated from 140 µl of rectal swab sample in viral transport medium (VTM) with the QIAamp Viral RNA Mini kit (Qiagen). Next, the sample was subjected to full genome sequencing using 454 deep-sequencing (454 GS Junior Instrument; Roche) as described elsewhere ([@R1], [@R2]; [@R24]; [@R23]). A total of 223 107 sequence reads were obtained and sequences were trimmed and assembled using the *de novo* assembly module in CLC Genomics Workbench 4.5.1 (CLC Bio) ([@R13]). [blast]{.smallcaps}x ([@R3]) analysis of obtained reads revealed sequences that were most closely related to FRSCV and FRECV. *De novo* assembly revealed the consensus sequence of FRCoV, tentatively called FRCoV-NL-2010. In total, 25 313 reads were specific for FRCoV-NL-2010, revealing 99.73 % of the genome with a coverage ranging from 1 to 2260 reads at single nucleotide positions. Gaps or regions with coverage of \<4 reads were confirmed by Sanger sequencing. Using 5′ and 3′ rapid amplification of cDNA ends (RACE), the ends of the genome were obtained, leading to a complete genome sequence consisting of 28 434 nucleotides, including 18 nucleotides of the poly-A tail (Genbank accession number KM347965). After genome assembly, the raw sequence reads were mapped against the complete FRCoV-NL-2010 genome, which revealed that only one CoV was contained in the sample.

CoVs contain the largest genomes among RNA viruses, ranging from 27 to 31 kb ([@R9]). The genomes consist of polycistronic positive-stranded RNA and contain two large 5′-proximal replicase ORFs, ORF1a and ORF1b, which occupy three-quarters of the genome. These are translated to produce polyprotein 1a (pp1a) and, following −1 ribosomal frameshifting, polyprotein 1ab (pp1ab). These polyproteins are cleaved into 15 or 16 nonstructural proteins (NSPs) ([@R9]; [@R29]). Ribosomal frameshifting is thought to be mediated by a slippery sequence 5′-ACAACT-3′ that is conserved across all CoVs. The region downstream of ORF1b contains a number of smaller ORFs that are transcribed as subgenomic mRNAs. These mRNAs are composed of a common 5′ leader and a variable part consisting of at least one ORF. The common leader sequence is joined during discontinuous negative-strand RNA synthesis in a process that is directed by base-pairing interactions between conserved transcription-regulatory sequences (TRSs). TRSs are found at the 3′ end of the leader sequence (leader TRS) and upstream of most 3′ subgenomic ORFs (body TRSs).

Analysis of the complete genome of FRCoV-NL-2010 revealed the two large ORFs, ORF1a and ORF1b, as well as at least seven ORFs, ORF2--8, at the 3′ end of the genome ([Fig. 1a](#F1){ref-type="fig"}, Table S1, available in the online Supplementary Material). According to sequence conservation analyses performed with other CoVs ORF2, -4, -5 and -6 are predicted to encode the four structural proteins of CoVs, spike (S), envelope (E), membrane (M) and nucleocapsid (N), respectively. ORF3, -7 and -8 were homologous to the 3c, 3x and 7b genes of FCoVs, respectively. A sequence identical to the conserved CoV slippery site was found in the overlapping region of ORF1a and ORF1b. Putative NSP functional domains were predicted using ZCURVE_CoV 2.0 ([@R7]) and sequence comparison of FRCoV-NL-2010 with other alphacoronaviruses allowed the prediction of the putative pp1a and pp1ab cleavage sites and annotation of the 15 NSPs found in alphacoronaviruses (Table S2). A leader TRS and five putative body TRSs could be identified in the genome, with the sequence 5′-CTAAAC-3′ forming the TRS core ([Fig. 1b](#F1){ref-type="fig"}). Experimental studies are needed to confirm the correct identification of the TRSs in the FRCoV-NL-2010 genome.

![Genome organization of FRCoV-NL-2010. (a) Genome organization of FRCoV-NL-2010. Triangles indicate predicted cleavage sites, arrows indicate trailer and leader TRSs. RFS, ribosomal frame-shifting sequence. (b) Putative leader and body TRSs in the genome of FRCoV-NL-2010. The core TRS is indicated in bold.](jgv-97-2180-g001){#F1}

Pairwise comparison of FRCoV-NL-2010 with other partially sequenced FRCoVs revealed that it contained an intact ORF3c, which would be expected on the basis of its enteric pathotype. For FIPV, it is thought that the loss of 3c gene function enhances the internalization and replication of FIPV in macrophages, which would aid in spreading the virus systemically ([@R5]). In accordance, partial genome sequencing by [@R27] revealed that two out of three FRSCV strains contained deletions in 3c, while the two FRECV strains that were included in the study contained an intact 3c.

Phylogenetic analysis of the full genome and ORF1ab confirmed that this virus belongs to the genus *Alphacoronavirus* and clusters most closely with mink CoV, forming a separate clade of mustelid alphacoronavirus that clusters intermediately between the *Alphacoronavirus 1*species and other alphacoronaviruses ([Fig. 2a, b](#F2){ref-type="fig"}). FRCoV and mink CoVs share 69.2--69.7 % nucleotide identity with members of the *Alphacoronavirus 1* species, which is less than members of this species share with one another (\>88.6 %), supporting the suggestion of [@R25] that mustelid alphacoronaviruses should be assigned to a separate species. This proposed designation as a new species is also supported by the International Committee on Taxonomy of Viruses ([@R30]) species demarcation criteria that the minimum amino acid identity within each genus needs to be 90 % in seven conserved replicase domains (ADRP, 3CLpro, RdRP, Hel, ExoN, NendoU and O-MT). The amino acid identity between FRCoV-NL-2010 and the mink CoVs was 90 % in these seven conserved replicase domains. While members of the *Alphacoronavirus 1* species share \>96 % amino acid identity in these regions, FRCoV-NL-2010 and the mink CoVs displayed a maximum amino acid identity of 82 % with members of *Alphacoronavirus 1*and other alphacoronaviruses in these regions. Consequently, FRCoV-NL-2010 and mink CoVs cannot be assigned to the *Alphacoronavirus 1*species. These viruses may therefore be designated a new species, tentatively named *Alphacoronavirus 2*, which should probably also include FRECV and FRSCV based on available partial sequence information.

![Phylogenetic analysis of FRCoV-NL-2010. Neighbour-joining trees of the complete genome (a) and ORF1ab (b) of selected isolates, aligned by ClustalW, were inferred by the *p*-distance model in [mega]{.smallcaps}5 (<http://www.megasoftware.net>). Indicated bootstrap values at nodes were calculated on 1000 replicates. Scale bars indicate nucleotide substitutions per site. BCoV, bovine coronavirus; IBV, infectious bronchitis virus; HCoV, human coronavirus; MHV, mouse hepatitis virus; PRCV, porcine respiratory coronavirus; PToV, porcine torovirus; see text for other abbreviations. Accession numbers: HCoV-229E (NC002645); HCoV-NL63 (NC005831); PEDV (NC003436); FIPV (NC002306); TGEV (DQ811785); HCoV-OC43 (AY391777); BCoV (BCU00735); SARS-CoV (NC004718); MinkCoV WD1127 (HM245925); MinkCoV WD1133 (HM245926); MHV-A59 (NC001846); HCoV-HKU1 (NC006577); Bat-CoV-HKU4 (NC009019); Bat-CoV-HKU5 (NC009020); PRCV (DQ811787); PToV (NC022787); FRCoV-NL-2010 (KM347965); MERS-CoV (JX869059); IBV (NC001451).](jgv-97-2180-g002){#F2}

Although there are no full genomic sequences available of other FRCoVs, a phylogenetic tree of the partial N gene shows a close relationship of FRCoV-NL-2010 with the canonical FRCoVs FRSCV and FRECV, as well as with the enteric FRCoVs 511c and 4E98 that were found in The Netherlands in 2010 ([@R18]) ([Fig. 3a](#F3){ref-type="fig"}). Phylogenetic analysis of a small fragment of the S gene indicates that in this region the virus is most closely related to the viruses found in The Netherlands. This tree also shows that in this region, lying 3′ proximal in the S gene, FRCoV-NL-2010 is more related to FRSCV than to FRECV ([Fig. 3a](#F3){ref-type="fig"}), whereas this trend was not observed for the N gene, suggesting a recombination event. Next, recombination events were analysed using the 3′-most \~8 kb sequence which is sequenced for both FRSCV and FRECV. Six methods, comprising [recombination detection program](https://www.google.nl/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwj1z5fijcvOAhUFSBQKHYtVAygQFggcMAA&url=http%3A%2F%2Fweb.cbio.uct.ac.za%2F~darren%2Frdp.html&usg=AFQjCNEmcFAwc5ZnTQ0KTiGvDk_RkvQYYQ&sig2=8vOSevwFUHqnmDPBA1hMww) (RDP), [geneconv]{.smallcaps}, Bootscan, Maxchi, Chimaera and 3seq, implemented in RDP4 ([@R14]) were used, with likely parental isolates and recombination breakpoints determined using default settings. A recombination event was detected for the region between 1718 and 5432 (numbering based on alignment) using the indicated methods (*P*-values ranged from 1.110×10^−16^ to 2.236×10^−81^). The Bootscan output is shown in [Fig. 3b](#F3){ref-type="fig"}. This region includes two-thirds of the S gene, the entire 3c gene and part of the E gene. In the region before the recombination breakpoint (corresponding to ORF1b and the first third of the S gene; S1--S1412, FRCoV-NL-2010 numbering), FRCoV-NL-2010 was an outgroup of FRECV and FRSCV. Inside the recombination region, two phylogenetic groupings can be observed ([Fig. 3c](#F3){ref-type="fig"}). In two-thirds of the S gene (S1412--S4239, FRCoV-NL-2010 numbering), FRCoV-NL-2010 clustered with FRSCV; while in a short 3′ proximal part of the S gene and the majority of the 3c gene (S4240--3c471) FRCoV-NL-2010 grouped with FRECV. This indicated that there was a second recombination event lying within the recombination region. Indeed, in this region a recombination event was found ranging from position 4534 to 5369 in the alignment. This event was detected by the same six methods with *P*-values ranging from 2.416×10^−02^ to --3.356×10^−17^. On the basis of these findings, we propose an evolutionary pathway in which the ancestor of FRCoV-NL-2010 donated two-thirds of its S gene, its 3c gene and part of the E gene to a FRECV-like virus ([Fig. 3d](#F3){ref-type="fig"}). The result of this recombination event may have been the ancestor of FRSCV if this virus later acquired deletions in the 3c and 3x genes. The second recombination event may have been between a FRECV-like virus and the ancestor of FRCoV-NL-2010, in which the former donated its 3c gene. Additional sequence information is needed in order to support these hypotheses.

![Recombination analysis of available ferret coronavirus (FRCoV) genome fragments. (a) Neighbour-joining trees of a small region in the spike gene (nucleotide position 3598--4089) and nucleocapsid (nucleotide position 61--312). (b) Recombination analysis by Bootscan, implemented in RDP4 ([@R14]), with recombination break-points determined using default settings. Break-points (indicated with arrows) of the first and second recombination event were detected at nucleotide positions 1718 and 5432, and 4534 and 5369 (based on the position in the alignment), respectively. Window size was set at 200 and the step size at 10. The dashed line indicates the bootstrap threshold of 70 %. (c) Neighbour-joining trees of nucleotides 1--1412 and 1413--4239 of the FRCoV-NL-2010 S gene, and nucleotides 4240 of the S gene until 471 in the 3c gene. Selected isolates were aligned by [clustalw]{.smallcaps} and trees were inferred by the *p*-distance model in [mega]{.smallcaps}5 (<http://www.megasoftware.net>). Indicated bootstrap values at nodes were calculated on 1000 replicates. Scale bars in (a) and (c) indicate nucleotide substitutions per site. Hypothetical evolution of FRSCV MSU-1, FRECV MSU-2 and FRCoV-NL-2010 in which the ancestor of FRCoV-NL-2010 donated two-thirds of its S gene, its 3c gene and part of its E gene to FRECV, generating the ancestor of FRSCV which subsequently acquired deletions in the 3c and 3x genes (d).](jgv-97-2180-g003){#F3}

This study underlines that CoVs can exchange genes that are likely to be major determinants of pathogenicity. Therefore, recombination may be a driving force for the formation of pathogenic viruses from less pathogenic viruses. However, this study does not provide evidence that recombination can directly alter the pathotype of a virus, as the backbones of the investigated viruses differ substantially. Mutations or deletions in the 3c gene are likely to play a major role. Another limitation of this study is that the recombination analysis only involved the 3′ third of the genome as the genomes of FRECV and FRSCV have not been sequenced completely. To further characterize the determinants of pathogenicity of FRCoVs, more sequence information is needed and, importantly, these viruses will need to be isolated or rescued using reverse genetic techniques in order to perform experimental inoculation of ferrets.

In conclusion, to our knowledge this study provides the first full genome of a FRCoV, which was detected in The Netherlands in 2010 in ferrets. We show that it separates phylogenetically in a clade with other FRCoVs and mink CoVs. This clade meets the ICTV criteria for species demarcation. In addition, the new sequence information provided by the full genome of FRCoV-NL-2010 allows the identification of recombination among FRCoVs in the S, 3c and E genes.
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The GenBank/EMBL/DDBJ accession number for the full-length nucleotide sequence of FRCoV-NL-2010 is [KM347965](KM347965).
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